INTRODUCTION
A Virtual Prototype, or digital mock-up, can be defined as a computer simulation of a physical product that can be observed, analyzed, and tested from product life-cycle perspectives such as design, manufacturing, service, and recycling as if it were a real physical model. The creation and evaluation of such a Virtual Prototype is known as Virtual Prototyping (VP) (Wang 2002) . By using a digital model instead of a physical prototype, VP can alleviate several shortcomings of the product design, evaluation, and manufacturing process.
For example, using VP, defects concerning fabrication, product design and production planning can be quickly identified before major physical resources are committed. This can significantly reduce the number of physical iterations needed during product design and manufacturing, and thus reduces the associated costs involved in product development, evaluation, and manufacturing (Choi and Chan 2004) .
Virtual Reality (VR) is defined as a computer simulation of a real or imaginary system that enables a user to perform operations on the simulated system and shows the effects in real time (AHP 2009) . VR is thus of significant value to VP as illustrated by the following examples:
• VR can facilitate an immersive understanding of a virtual product, especially for ergonomic and aesthetic design, as well as end-user participation in the design and evaluation process (e.g., Jayaram et al. 1998 ).
• VR can provide advanced user interfaces for product design, and can facilitate collaborative work-flow (e.g., Wang et al. 1999 ).
• VR can enhance the interface for finite element analysis, as well as kinematic and dynamic analyses associated with product design and evaluation (e.g., Haase and Preb 1997) .
• VR can support the analysis required for evaluating the assembly, manufacturability and maintainability of a proposed design by offering the possibility of immersing a end-user in the virtual environment to perform specific tasks (Bauer et al. 1998) VR driven VP has most extensively been deployed in the automobile and aerospace industries. The focus of these efforts has primary been two folded: product design and process simulation. In the product design phase, analyses such as functional testing, form-and-fit testing, ergonomic testing, assembly testing and disassembly testing, can be conducted on a virtual prototype using VR for design validation (Choi and Chan 2004) . On the other hand, for process simulation, a manufacturing process can be simulated using VR to identify possible manufacturing problems or bottlenecks in production without having to use expensive physical mock-ups. Choi and Chan (2004) provide a detailed review of such specific VP implementations that have exploited VR.
The objective of the presented research was to design, evaluate, and demonstrate a new robotic system capable of fabricating precast concrete segments, entirely using VR and VP techniques. Automation and robotics is an emerging field within construction engineering (Zavadskas 2010) . The successful implementation of a new robot on real construction jobsites requires the buy-in of several stakeholders including owners, contractors, equipment manufacturers, and workers. The costs of building and evaluating a real physical prototype of a new robot are often prohibitive both from monetary as well as safety perspectives. VP using VR principles is thus a clear choice for creating, communicating, evaluating, and improving the design and operation of a new proposed machine.
The remainder of this paper is organized as follows: First, we provide a literature review of automation in construction, making the case for rapid, low-cost design and evaluation of new machines. The remainder of the paper then describes how VR was used to systematically design, evaluate, and demonstrate a virtual prototype of a new robotic mechanism for rebar cage fabrication in precast concrete construction.
LITERATURE REVIEW
Since the early 1980s there has been rapid development on the construction automation front. However most of the advances that have been made are in the steel construction sector and not much work has been done in the prefab construction sector. Moreover most of these developments have been concentrated in Japan and parts of Europe (Shinko 2007; Neelamkavil 2008; Wing and Atkin 2002) . Among the primary construction automation systems in the world are the SMART system by Shimizu Corporation, Shuttle Rise by Kajima Corporation and ABCS and Big Canopy by Obayashi Corporation (Shinko 2007). Other efforts include the Future Build Project (Wing and Atkin 2002) and the ManuBuild Project, both of which are initiatives taken by the European Union towards the advancement of prefab construction (Neelamkavil 2008) .
A relatively new system for automated steel erection is presented in (Hong et al. 2007; Jung et al. 2008 ). It involves a rail and boom based transportation system. A wire suspended positioning system to bring the girders and beams into position is also employed. The paper identifies the reasons for automation as the lack of skilled laborers, difficult work terrains and work too dangerous to be done by human workers. Another similar material handling system is given in (Abderrahim et al. 2001; Leyh 1995) .
To the best of the authors' knowledge, not much literature is available on the automation of the prefab element manufacturing process. Needless to say automation of the prefab element manufacturing process would have tremendous advantages including reduction in material wastage, improved safety of construction workers, increased accuracy in the placement of the reinforcement, reduced cost for casting difficult shapes, reduced site disturbance and easy pre-stressing. These points are further emphasized by (Acker 1996) . In addition, support for utilities such as electric cables and water pipelines can be easily built into the prefab element before the concrete casting step. Once a robust method for manufacture of precast concrete beams, columns and other members is developed, even automated steel erection techniques can be used for the construction process.
Though there are a few industrial products available (PCC 2007; NBS 2008; PCP 2008; Bock 2007) , they suffer from deficiencies such as the inability to manufacture a variety of shapes and put in utilities such as electric connections and pipelines before the concrete casting step. These manufacturing lines are used primarily for building wall panels and other similar elements. The assembly of the rebar cage is an important part of the automated concrete precast element fabrication. Bock (2007) provides description of one such machinery. It uses longitudinal reinforcement bars and partially open stirrups. The procedure followed involves first placing the longitudinal rebars at appropriate locations on the support, followed by placing the partially open stirrups in place. The stirrups are then bent in to place holding the longitudinal bars at its location. The stirrups and bars are then welded into their correct position. The parts of the automated plant are the bar supporting mechanisms, the bending robot, robots for moving the rebars, movable storage table and a welding table.
However the proposed system does have some limitations. The mechanism is not suitable for more than two layers of reinforcement and circular reinforcement cages which are often used in pile foundations. No mechanism has also been proposed to lay the shuttering and place the concrete. Furthermore, the number of robots used in the process can be reduced by introducing the concept of tool changing, thereby drastically bringing down the cost of the project.
The design investigated in this research attempts to overcome these limitations, and is robust enough to manufacture reinforced concrete precast segments of an array of shapes and sizes in an economical fashion. The proposed mechanism is created and evaluated entirely using a virtual prototype without having to build a physical mock-up.
DESCRIPTION OF THE PROPOSED SYSTEM
This section describes the design of the entire proposed mechanism. Before going into a detailed description of the components of the mechanism, it is imperative to understand the sequence of steps involved in the reinforced concrete construction process. Figure 1 shows the steps typically followed. The first two steps involved i.e. the placement of the transverse reinforcement and welding appropriate stirrups to the reinforcement constitute the steps involved in putting together the reinforcement cage. During the course of this research, it was identified that these are the most labor intensive and repetitive tasks, making them perfect candidates for automation. The designed mechanism primarily focuses on these aspects.
The following two steps, which are the placement of the shuttering in place followed by the placement of the rebar cage into the mould, prepare the specimen for casting. Though these steps can be automated, it might not be cost effective. Once the mould is prepared and the reinforcement is in place, the concrete can be poured in and cured. Finally once the concrete has dried the formwork can be removed. It should be noted that after the concrete has been poured in the specimen, it can be taken to an alternate location as curing is a slow process. The major advantage of the proposed system over existing ones is its ability to manufacture reinforcement frames of varying shapes. Reinforcement cages may be square, rectangular, circular or other arbitrary shapes. Some examples of these shapes are illustrated in Figure 2 . The reconfigurability of the system is achieved with the help of the template plates which may be drilled for the shape required. It should also be noted that not only may the configuration of the longitudinal reinforcement change but the transverse reinforcement may also be attached in different ways such as a continuous spiral or separated segments at defined gaps. The transverse reinforcement can be attached to the longitudinal reinforcement using a variety of techniques ranging from tying to different types of welding. End effecters appropriate for the desired task may be attached to the robotic arm, as and when required. Welding is a process easier to automate as compared to tying, owing to the dexterous capabilities required for the tying process. Owing to the extent to which it is used in the automation sector, the framework for automated welding is well developed and is thus easier to implement.
For the proposed system it may be noted that sensors are not needed for feedback control of the arms due to the structured nature of the task. Simple open loop control implementation is sufficient. This can drastically reduce cost. The overall design for the proposed system is shown in Figure 3 . The system primarily consists of the supporting frame, robotic arms mounted on guide rails, and the end template plates. The following subsections give the key design principles behind each component of the mechanism. 
Robotic Arm
In this section, the design of the two mechanical arms is outlined. The robotic arms are capable of changing their end effecters, making the system cost effective. The arm has six degrees of freedom as illustrated in Figure 4 . Out of these degrees of freedom only the first one is translation. The remaining five degrees are rotational in nature. The links of the mechanism are designed in a manner such that they allow maximum possible rotation. The control scheme used to control the arm is discussed in section 5. The robotic arm contains a servo motor at its end, the rotation of which can be used by the end effecter attached. Some of the different end effecters that can be attached to the robotic arm are described in the subsequent subsections. It was of prime importance to work out the proper kinematics and inverse kinematics for the gantry based robotic mechanism in order to ensure appropriate control. This was achieved using the Denavit-Hartenberg (D-H) convention (Craig 2005) . While working out the kinematics, six degrees of freedom including the translation of the top gantry mechanism are considered. The six joints ensure that the end effector has the capability to reach any general location in the dexterous workspace with all possible orientations.
The inverse kinematic problem involves finding a transformation between the Cartesian space to the joint space and eventually to the actuator space. It is usually beneficial to work out a closed form solution for the inverse kinematics in comparison to a numerical solution to obtain optimum performance. The inverse kinematic problem can be formulated by the following equation which needs to be solved for d1, θ1, θ2, θ3, θ4 and θ5. The equation was solved by geometric methods to work out the trajectories in joint space.
Drilling tool
The drilling tool is used to drill holes in the template plates, the end plates that support the longitudinal reinforcement. Figure 5 shows a screenshot from the visual simulation of the drilling tool in action. The drilling tool attaches to the robotic arm. The drill is driven by the motor in the robotic arm which connects to the drill effecter through a shaft. The speed and torque of the motor are then appropriately adjusted to finally rotate the drill bit. The drill bit can be changed either manually or automatically. Based on the CAD drawing given as an input to the system, the drilling tool can drill the template plate at the given locations. The control of the robotic arm during this time period is not a very difficult task due to the absence of reinforcement bars in the area during this time. To ensure that the drilling tool reaches its intended location it is important to work out the inverse kinematics with utmost precision. Further to ensure appropriate performance the drill must remain orthogonal to the template plate.
Gripping tool
The gripping tool is used to grip the longitudinal bars and bring them to their appropriate location. Figure 6 is a screenshot from the VR simulation showing the gripping of a reinforcement bar. The gripping tool must be capable of gripping bars of varying diameters. The pressure applied by the grippers should be sufficient to hold the bar in place, but at the same time should not be so high that it damages the gripper or the reinforcement bar. 
Stirrup bending tool
As the name suggests the stirrup bending tool is used to bend the stirrups and put them into place. While designing this component of the system it was important to take into consideration an important constraint. While reaching the stirrup or bending it the longitudinal reinforcement might prove to be an obstruction, and was particularly considered in the design iterations. The source of the stirrup reinforcement is assumed to be a roll of steel rod of appropriate dimension.
The above listed tools are the most crucial ones required for manufacture of the reinforcement cage. In addition, other end effecters catering to tasks such as pouring in the concrete, painting the manufactured job or coating it with diverse materials can also be developed.
Template Plates
The template plates are a very important feature of this particular research as they play the lead role in providing reconfigurability to the system. Owing to the design of the template plates, rebar cages in a large variety of shapes can be manufactured. The role of the template plates is to hold the reinforcement in place while other operations such as attachment of reinforcement are performed. The first time a new design is to be built the template plates are drilled at the required locations. For subsequent production of the same design there is a need to drill the plates again. One may argue that drilling new plates for every new project may not be cost effective. However it was determined during the course of this work that the advantages of using these plates far outweigh this disadvantage due to the typical nature of civil engineering projects.
It is more likely that cages of a certain shape would be required in a large number as opposed to the probability of requiring a larger variety of cages with a smaller quantity for each. Further the template plates are equipped with full 360 degree rotation motors that are particularly important for the stirrup attachment step. These motors allow rotation of the entire rebar cage, making it easy for the robotic arm to reach its different parts.
The motors rotate the template plate through the use of a belt-pulley system. There are two primary reasons for the use of such a mechanism. The first is that it is important that there must be no obstruction behind the template plate, to ensure sufficient space for the reinforcement to be placed. The second is that it helps reduce the speed of rotation and increase the torque to a level that can drive the rotation of the template plate.
ASSEMBLY PROCEDURE
This section describes the steps involved in the production of the reinforcement cage using the described automated system. There are three primary steps involved. First is the drilling of the template plates. Second is the placement of transverse reinforcement. Finally, third is the placement and welding of stirrups at their appropriate locations. The details for each of these steps are provided in the following subsections.
Drilling of the template plates
The end plate drilling is the first step of the fabrication procedure. An input drawing is given to the system in order to drill the plates. The input drawing has points marking the locations that need to be drilled. This is then read by a program which calculates the joint angle trajectories for the robotic arms taking the inverse kinematics into consideration and sends the signal to the mechanism. The appropriate size drill bit must be chosen. This may either be done manually or can also be automated, though that would not really offer any significant advantages.
Placement of transverse reinforcement
This is the first and one of the most critical stages involved in the precast segment process. Aberrations from the given design can lead to catastrophic failure of the structure using these precast segment blocks. To ensure that the transverse reinforcement is at the appropriate location at all times it is important that it is gripped by multiple grippers to take its deflection into account. The reinforcement bar of appropriate size from a specially designed stock pile is first picked up by the robotic arm on the outer side of the template plates.
This reinforcement is then carefully guided into the template plate hole that it corresponds to. The other robotic arm then assists the first one to guide the bar to the hole in the template plate on the opposite side. This procedure is carried out for all the longitudinal reinforcement bars. Once this step is complete the robotic arm positioned on the outer side of the template plate shifts to the other side of it. Figure 7 illustrates this process as a VR simulation screenshot. 
Bending of the stirrups
The next step is the bending of stirrups. The rotation provided by the template plates play a major role in the positioning of the longitudinal bars in a manner that they can be easily manipulated by the stirrup bending tool.
CONTROL SCHEME
This section presents the overall control scheme for the mechanism. Figure 8 illustrates the flow of control, starting from the input CAD model to the final motor control. The flowchart is largely self-explanatory and is not discussed further due to space restrictions.
DISCUSSION AND CONCLUSIONS
VR assisted Virtual Prototyping is a cost-effective, safe, and practical method for creating, communicating, evaluating, and improving the design of new industrial machines, particularly in situations where the cost and safety aspects of building and testing a physical prototype are prohibitive. The major improvement that the proposed rebar fabricating robot design has over its predecessors is the degree of reconfigurability that it provides.
The presented technique is suitable for production of precast products of varying shapes and sizes such as beams, panels or bridge deck elements. VR facilitates the effective communication and demonstration of these features. The other advantage is in terms of cost reduction over conventional automation techniques. The end effecter proposed with tool changing capabilities makes is economically feasible to use a large variety of tools using the same robotic arm. In this case also, VR facilitates the evaluation of the proposed design's reconfigurability without having to create physical prototypes of all possible end effecters.
The design for the proposed mechanism has been completed followed by several simulations to ensure optimum performance. As described, the kinematic design of the mechanism has also been evaluated. Simulation results generated are being used to further study and optimize the joint trajectories to ensure no collisions take place and a given task can be completed in the least possible time. Future work in this direction will involve building a physical scaled prototype of the system, which finally would be followed by a full scale assembly for use by the precast construction industry.
Though it might seem futuristic, colonization of other planets and the moon by humans may very well happen within the next few decades. In such situations, in order to make human habitation feasible it would be necessary to first construct appropriate shelters, with minimum involvement of human labor. It is in such situations also, that technologies of automated construction such as those discussed in this paper may be particularly useful. Since creating physical mockups may be unrealistic in such scenarios, it is clear that VR will continue to play a dominant role in the design and evaluation of new machines and methods created as virtual prototypes.
